INTRODUCTION
The severe anemia associated with copper deficiency in swine has been characterized as hypochromic and microcytic (1, 2) . Since anemia of this type usually is due to a defect in hemoglobin synthesis, a role for copper in the biosynthesis of hemoglobin has been proposed. However, neither the nature of the defect nor the role for copper has been elucidated.
Defects in hemoglobin synthesis may be classified into three categories: (1) abnormalities in the biosynthesis of protoporphyrin and heme; (2) abnormalities in the metabolism of iron; and (3) abnormalities in the biosynthesis of globin. In an investigation recently reported from this laboratory (3), the pathways of porphyrin and heme synthesis in erythrocytes from copper-deficient swine were found to be intact.
Impaired absorption of iron from the gastrointestinal tract has been observed previously in copper-deficient swine along with hypoferremia and
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The Journal of Clinical Investigation Volume 47 1968 an increase in the total iron-binding capacity (4) . Because of the impaired absorption of iron, such animals were actually deficient in iron even though large amounts of iron were supplied in the diet. However, the parenteral administration of iron failed either to prevent or to alleviate the anemia. Thus, failure to absorb iron did not appear to be the only factor involved in the pathogenesis of the anemia.
The purposes of the present investigation were: (1) to gain a clearer understanding of the defect in iron absorption; (2) to search for abnormalities in the way iron is handled by other tissues, especially the reticuloendothelial system, the hepatic parenchymal cell, and the normoblast; and (3) to determine if the defects in iron metabolism constituted an adequate explanation for the anemia. Because of the tissue deficiency of iron that occurs in copper-deficient swine fed iron by the oral route, it is not possible to evaluate iron metabolism in tissues other than the duodenal mucosa. For this reason, studies were made in pigs given iron intramuscularly in an amount calculated to maintain the total body iron within normal limits. The results are compared with those obtained from studies in copper-deficient pigs given iron by mouth, in iron deficient pigs, and in controls. METHODS
The 82 pigs used in this study were obtained at 3-5 days of age. They were of mixed breed and were purchased from a single breeder in litters of 6-10 animals. The experimental diet consisted of canned condensed milk with no supplements other than those described below. Details of diet preparation have been reported previously (1) . On the basis of the nature and route of the iron and copper supplements they received, the pigs were divided into five experimental groups: (1) control (oral iron), (2) control (i.m. iron), (3) iron deficient, (4) copper deficient (oral iron), and (5) copper deficient (i.m. iron). Groups 1, 2, and 3 received 0.5 mg of copper as copper sulfate per kg of body wt per day with the diet. Control (oral iron) and copper-deficient (oral iron) swine were given 30 mg of iron as ferrous chloride per kg of body wt per day with the diet. Control (i.m. iron) and copper-deficient (i.m. iron) pigs received a total of 1.2 or 2.0 g of iron in multiple intramuscular injections, between 10 and 28 days of age. The intramuscular iron preparation used was Pigdex 100 (colloidal iron oxide stabilized with a low viscosity dextrin).1 No iron supplements were given to the irondeficient group. In some experiments, no difference was 1 American Cyanamid Co., Princeton, N. J.
apparent between the two control groups, and they were combined for statistical purposes. The routine hematologic methods used in this study and the methods for determining plasma iron, plasma iron-binding capacity, and bone marrow iron have been published (5) . Fixed tissue sections were stained for iron by the method of Gomori (6) . Tissue iron concentration was determined after wet digestions with sulfuric, nitric, and perchloric acids (3) , and the determined value was corrected for tissue hemoglobin concentration by the method of Andersen and Shoemaker (7) .
RESULTS
Effect of intramuscular iron supplements on the anemia of copper deficiency
The volume of packed red cells and the corpuscular constants. Values for the volume of packed red cells (VPRC) and the corpuscular constants during the development of copper deficiency are depicted in Fig. 1 . Of the 33 copper-deficient pigs, 20 were given iron supplements by mouth and 13 were given iron intramuscularly. Both types of iron supplementation were used in the control group, which consisted of 17 pigs.
In the copper-deficient (oral iron) group, a decrease in the VPRC became evident by 6 wk of age. The VPRC continued to decrease in a rapid and linear fashion until the pigs were 10-11 wk of age, at which point some deaths began to occur among the most anemic animals. These deaths account for the apparent tendency of the VPRC to become stable at about 20 ml/100 ml. Microcytosis, as measured by the mean corpuscular volume (MCV), was an early development and its severity paralleled that of the anemia. Significant hypochromia, as measured by the mean corpuscular hemoglobin concentration (MCHC), was a later development, appearing at 10-11 wk of age.
In the copper-deficient (i.m. iron) group, initial values for the VPRC were greater than in the control group, probably because of the residual effects of neonatal iron deficiency in some of the control pigs. Thereafter, anemia progressed at a rate similar to that observed in copper-deficient (oral iron) pigs, and by 13 Age (weeAk) FIGURE 2 Changes in plasma iron (Fe) and total ironbinding capacity (TIBC) Duodenal mucosa Iron absorption. An estimate of total body iron content was made in pigs from each of the experimental groups. In the animals that received oral iron supplements, this estimate was used as a measure of the amount of iron absorbed during the observation period. Estimated "total" body iron was calculated by summing the amounts of iron in the liver, the spleen, and the circulating erythrocytes. The assumption was made that a relatively small proportion of the total body iron would be found outside of these three sites. The concentration of iron in the liver and spleen was determined directly on tissues obtained when the animals were killed (at 12-17 wk of age, except in the case of the iron-deficient pigs, who became anemic more quickly and were, therefore, killed at 6-8 wk of age). The total red cell iron was calculated from the blood hemoglobin concentration, the estimated blood volume (8) , and the known iron content of hemoglobin.
The copper-deficient (oral iron) pigs were found to be severely iron deficient. Their "total" body iron concentration, liver iron content, and erythrocyte iron content were considerably lower than in control (oral iron) pigs; in fact, the "total" body iron concentration was of the same order of magnitude as the values found in the irondeficient group (Table I) . When iron supplements were given intramuscularly, copper-deficient pigs did not become iron deficient and their "total" body iron concentration was comparable with that of the control group.
Iron in fixed sections of duodenum. Sections of proximal duodenum were obtained at autopsy and stained for iron. In specimens from pigs that had received iron with the diet, Prussian blue positive material was seen in two locations: in the lamina propria as large granules within macrophages, and within the columnar epithelial cells as a line of fine granules (Fig. 3) . No stainable granules were seen in mucosal specimens from animals given iron supplements exclusively by the intramuscular route; thus, the visible iron appeared to be of dietary origin, rather than part of a pool in equilibrium with other body stores.
The amount of iron found in the mucosa was considerably greater in copper-deficient (oral iron) pigs than in controls. The amount of iron in each specimen was estimated semiquantitatively on a scale from 0 to 4 +. On this scale, mucosa from control (oral iron) pigs contained a trace to 1 + stainable iron, whereas specimens from copperdeficient (oral iron) pigs were scored as 3 to 4 +. This observation suggested that the barrier to the absorption of iron in the copper-deficient ani-
Iron stains of mucosa from a copper-deficient (oral iron) pig (A) and a control (oral iron) pig (B). In the copper-deficient animal, large amounts of iron were seen in the lamina propria and within epithelial cells. Since the iron is seen more easily in a colored reproduction, the arrows are inserted to indicate the location of epithelial iron. mals did not lie between the intestinal lumen and the duodenal mucosa, but at a subsequent site in the absorption pathway.
Changes in mucosal iron after a test meal. The above hypothesis was studied further by measuring mucosal radioactivity after the administration of test meals containing -"iron. These experiments were performed when the pigs were between 90 and 110 days old, at which time the copper-deficient pigs were severely anemic (VPRC less than 25 ml/100 ml). After a 48 hr fast each pig was fed, by stomach tube, a test meal consisting of 1 mg of iron as ferrous chloride labeled with [5] [6] [7] [8] [9] [10] ,uc of 59Fe. At varying time intervals thereafter, the pigs were killed by exsanguination. The proximal duodenum was excised, opened, and washed with 0.01 M EDTA in saline. Mucosa was scraped free from underlying layers with a glass slide (9), suspended and washed in EDTA-saline, and centrifuged at 1120 g. The volume of packed mucosa was measured in a graduated centrifuge tube. Radioactivity was assayed by crystal scintillation counting, and mucosal iron content was calculated from the specific activity of the iron in the test meal.
In control animals, mucosal radioactivity increased to a maximum value 2-3 hr after the test meal, and then decreased rapidly, so that little radioactivity remained in the mucosa 8 and 24 hr after the meal (Fig. 4) . In iron-deficient pigs, the pattern was similar to that seen in controls, except that the maximum value was reached somewhat more quickly, and was of lesser magnitude.
The pattern observed in copper-deficient animals was quite different. The magnitude of the initial peak was greater, and the subsequent de-2062 G. R. Lee, S. Nacht, J. N. Lukens, and G. E. Cartwright crease was considerably less, leaving much larger amounts of test meal iron in the mucosa after 8 and 24 hr. Mucosal radioactivity at 24 hr was about half as great in copper-deficient (i.m. iron) pigs as it was in copper-deficient (oral iron) pigs. Subcellular distribution of mucosal radioiron.
To define more clearly the nature of the iron retained by the mucosa, a crude subcellular fractionation was performed. Mucosa was homogenized with high-frequency sound.2 A "sedimentable" fraction was recovered by centrifuging the homogenate at 9000 g for 30 min. The supernatant solution was heated at 750C for 5 min, and the precipitate was harvested and designated "heatlabile proteins." Perchloric acid (final concentration, 2%) or ammonium sulfate (60%o saturation) was added to the supernatant solution, and the precipitate so obtained was designated "ferritin." All radioactivity in this fraction was excluded by Sephadex G-200 gel and could be sedimented at 90,000 g in a preparative ultracentrifuge. The supernatant solution which remained after "ferritin" precipitation was termed the "nonprotein" fraction. Radioactivity in each of the four fractions was assayed.
The distribution of radioactivity among these mucosal fractions was determined in one animal from each group at 2 one from each group at 24 hr (Table II) . The "ferritin" fraction contained most of the radioactivity, both at 2 and at 24 hr, in all pigs except those in the iron-deficient group. In these, most of the radioactivity was in the nonprotein fraction at 2 hr and in the sedimentable fraction at 24 hr.
In copper-deficient pigs, an increased amount of mucosal radioiron was found in all four subcellular fractions at 24 hr; most notably in the ferritin fraction. The reticuloendothelial system Splenic and hepatic iron. When iron deficiency develops in an otherwise normal animal, iron in the liver and spleen is depleted before anemia develops. In copper-deficient (oral iron) animals, on the other hand, a relatively large amount of iron was retained by these organs (Table I ). The copper-deficient (oral iron) group and the iron-deficient group were equally iron deficient as measured by "total" body iron concentration. Nevertheless, the liver iron concentration in copperdeficient (oral iron) pigs was more than three times as great as in iron-deficient pigs. The splenic iron concentration of copper-deficient (oral iron) pigs was also significantly greater than that of iron-deficient pigs. In fact, copperdeficient pigs retained more iron in their spleens than did controls. Still greater iron retention by the spleen occurred in the copper-deficient group that received intramuscular iron supplements. These findings suggested that in copper-deficient pigs, the reticuloendothelial system, like the duodenal mucosa, retains iron.
Hypoferremia with normal iron stores. Changes in the plasma iron with time in a typical 6 8 10 X2 14 16 A?e (weels) FIGURE 5 Changes in plasma iron in a single copperdeficient (I.M. iron) pig with the development of copper deficiency. A 2 wk period of hypoferremia was observed followed by an increase in plasma iron to hyperferremic levels. copper-deficient (i.m. iron) animal are depicted in Fig. 5 . A 2 wk period of hypoferremia was observed, followed by a rise to above normal levels. This pattern was also observed in other animals in this group, but the age at which the hypoferremia occurred varied. Thus, the calculation of mean values at a single age, as was done in constructing Fig. 2 , tended to obscure the finding. In Fig. 2 , hypoferremia was clearly evident only at week 10.
To document this phenomenon more clearly, the lowest plasma iron out of a series of weekly determinations over a 3 month period was recorded for each pig. The mean "lowest" plasma iron value in 11 control pigs was 117 ± 7.3 jug/ 100 ml (mean + SEM). The mean "lowest" plasma iron value in 11 copper-deficient (i.m. iron) pigs was 62 + 7.3 ug/100 ml. The values are significantly different from one another (P < 0.01).
It should be noted that the hypoferremia in copper-deficient (i.m. iron) pigs was not a consequence of iron deficiency, since the total body iron concentration was normal and the iron storage sites were laden with iron in such animals (Table I) . Thus, the ability to transfer iron from reticuloendothelial storage sites to plasma seemed to be impaired in copper-deficient animals.
Effect of an infusion of damaged erythrocytes on plasma iron. As another measure of the capacity of the reticuloendothelial system to process and release iron, the changes in plasma iron that followed the administration of damaged red cells 2064 were observed. Pig erythrocytes were damaged by storage at 4VC for a minimum of 3 wk, under aseptic conditions, in plasma containing heparin. An intravenous infusion that contained 1 mg of iron as damaged erythrocytes per kg of body wt was administered to each of five control and eight copper-deficient pigs. The plasma iron was measured before the infusion and at intervals of 1, 2, 3, and 4.5 hr thereafter. In control animals, the plasma iron concentration increased markedly and reached a peak value at about 3 hr. In copper-deficient animals, on the other hand, the curves were relatively flat (Fig. 6) .
Plasma iron after administration of copper. To obtain further evidence for an effect of copper on the release of iron from reticuloendothelial cells, the changes in plasma iron that followed the administration of copper to copper-deficient pigs were studied. In animals with anemia due to specific nutritional deficiencies, the plasma iron usually decreases when the deficient nutrient is supplied. By contrast, when copper (0.1 mg/kg of Xoutr.g after .iecfxbn increase until the plasma iron-binding capacity was saturated (Fig. 7) . Thus, copper administration appeared to remove an obstruction to the flow of iron from reticuloendothelial cells to plasma.
The hepatic parenchymal cell The distribution of iron in hepatic cells was assessed in sections of liver stained by the Prussian blue technique. Sections of liver from five control and five copper-deficient animals were evaluated. Animals in both groups had received intramuscular iron supplements, and the concentration of liver iron was not significantly different in the two groups. In control animals, almost all stainable iron was confined to the Kupffer cells. A trace of hepatic parenchymal cell iron was seen in only one of the control animals. In contrast, all of the livers from copper-deficient animals contained parenchymal cell iron in addition to Kupffer cell iron. In three of these liver specimens, Kupffer and parenchymal cell iron was about equal, whereas in two, parenchymal cell iron exceeded that in the Kupffer cells. Representative photomicrographs from one pig in each group are shown in Fig. 8 .
Normoblast iron
Toward the end of the observation period, plasma iron values in copper-deficient (i.m. iron) pigs increased to normal or above normal values without a coincident increase in the VPRC (Figs.  2 and 5 ). This phenomenon was not restricted to pigs receiving iron intramuscularly, but was also found in certain of the copper-deficient (oral iron) pigs, despite the fact that they were deficient in iron as well as copper. The plasma iron values at the end of the 12-17 wk observation period in 20 copper-deficient (oral iron) pigs appeared to fall into two, widely separated groups. In 13 of the pigs, the plasma iron value was "low," ranging from 13 to 53 jug/100 ml. In the remaining seven animals, the plasma iron value was "high," ranging from 132 to 247 jug/100 ml. The reticulocyte count in the "low iron" group was 7.9 ± 1.0% (mean + SEM), whereas in the "high iron" group, the reticulocyte count was 1.9 ± 1.0%o. It appeared, therefore, that the terminal increase in serum iron might be related to decreased erythropoiesis, and that factors other than the supply of iron limited the response of the marrow.
To determine if such was the case, sideroblast counts were performed on bone marrow (Table  III) . A marked increase in the proportion of sideroblasts was observed in the bone marrows from copper-deficient (i.m. iron) pigs. Not only was the proportion of sideroblasts increased, but the amount of stainable iron in each sideroblast also appeared greater than in control animals. In sideroblasts from control animals, only one to three small granules were seen, whereas in the copperdeficient (i.m. iron) pigs, over half of the sideroblasts contained more than six granules. Moreover, individual iron granules appeared larger. No tendency was observed for the granules to form rings about the nucleus.
DISCUSSION
In these studies, as in others reported previously (1, 2), severe hypochromic, microcytic anemia developed in copper-deficient swine. The intramuscular administration of iron did not affect the rate at which anemia developed, nor did it prevent hypochromia and microcytosis.
Abnormalities of iron metabolism were observed in the duodenal mucosa, the reticuloendothelial system, the hepatic parenchymal cells, and in the normoblasts of copper-deficient swine. The first three of these tissues have in common the ability to do three things with iron. First, each can extract iron from some source; second, each can store iron to a variable extent; and third, each can release iron to the plasma. The abnormalities in iron metabolism that were observed in copper-deficient 2066 swine can best be explained by impaired ability of these three tissues to release iron.
Duodenal mucosa. On the basis of studies performed in vitro with rat duodenum, Manis and Schachter have suggested that iron absorption occurs in two distinct, energy-dependent steps (10). In step one, iron is extracted from the intestinal lumen by mucosa; in step two, mucosal iron is released into the blood stream. Our findings with radioactive test meals (Fig. 4) may be interpreted in terms of this hypothesis. The amount of dietary iron in the mucosa at any one time represents the difference between the iron extracted in step one and that released in step two. Thus, in control animals, the rate of transfer in step one exceeded that in step two for about 2-3 hr. and mucosal radioiron accumulated. Thereafter the transfer rate in step two exceeded step one, and the mucosal iron decreased. In copper-deficient pigs, the uptake of iron from duodenal lumen by mucosa appeared to be normal or increased. On the other hand, most of the iron accepted by the mucosa remained there over the 24 hr observation period. Thus, iron taken up by mucosa was not subsequently released at the normal rate; step two was impaired.
The rate of iron transfer in step one appeared to be related to the status of the iron stores, since mucosal uptake was more rapid in iron-deficient than in control animals. This hypothesis may also account for the difference between the two copperdeficient groups. In copper-deficient (oral iron) pigs, step one was increased as a consequence of depleted iron stores; thus, a higher final plateau was reached (Fig. 4) .
The expected end result of impaired mucosal iron release (step two) would be excessive mucosal iron storage. Excessive storage was, in fact, demonstrated ( Fig. 3 and Table IT ), a particularly significant finding in the presence of a total body deficiency of iron.
Most of the iron retained by copper-deficient mucosa was probably in the form of ferritin (Table   III) . The fractionation method used allowed the recovery of a compound which was soluble, precipitable by reagents that precipitate protein, and resistant to heat denaturation. Studies with Sephadex gel exclusion and ultracentrifugation indicated that the compound wras of high molecular weight. These properties, while not entirely specific for ferritin, are not characteristic of any other known biological iron compounds. The accumulation of ferritin in copper-deficient mucosa does not necessarily imply that copper is essential to ferritin iron release. Ferritin may not be a direct intermediate in the absorptive pathway, but simply a compound formed to protect the cell from damage by ionic iron during periods in which step one exceeds step two. It is interesting that in irondeficient pigs, at a time when both step one and step two were increased (2 hr), most of the iron was present in the nonprotein fraction of mucosal homogenates (Table II) . It seems probable that the active transport form of iron across the cell wall is a nonprotein compound, possibly ionic iron itself.
Reticitloendothelial tissues. Reticuloendothelial (R-E) cells acquire iron by phagocytosis of senescent erythrocytes. The R-E system maintains the principal storage pool of iron, and constitutes the major source of supply of iron to the plasma. Under most circumstances, the plasma iron concentration reflects the balance between the rate at which iron is released from R-E cells and the rate at which iron is removed by tissues, especially the erythroid cells of the bone marrow. In copperdeficient pigs, the rate at which iron is removed from the plasma (the plasma iron turnover rate) is normal or nearly normal (11) . Therefore, the hypoferremia with normal iron stores found in copper-deficient (i.m. iron) pigs implies that release of iron from R-E cells is defective.
Evidence for this hypothesis was obtained by administering a "load" of iron in the form of damaged red cells. This test was used by Noyes, Bothwell, and Finch to evaluate "R-E iron block" in the anemia of infection (12) . These workers reported that in normal human subjects the plasma iron level increased in a predictable manner after such an infusion, apparently because the iron from the infused cells was extracted by R-E tissues and promptly released. In the present studies, the changes in serum iron after infusion of damaged red cells into normal pigs resembled those which were observed in normal human subjects. On the other hand, little change in the plasma iron occurred in copper-deficient pigs after the infusion. This observation is consistent with the postulated defect in release of iron from R-E cells.
A prompt and steady increase in plasma iron Iron Metabolism in Copper-Deficient Swine occurred when copper was administered (Fig. 7) . A similar response was observed in copper-deficient rats by Marston and Allen (13) . These studies may be contrasted with observations made in cetrain other nutritional deficiencies, such as vitamin B0 deficiency in swine (14) , or in pernicious anemia in humans (15) . In such disorders, the plasma iron decreases rapidly when the deficient nutrient is supplied, because the normoblasts withdraw iron from the plasma more rapidly than iron is introduced into the plasma. The increasing plasma iron observed in treated copperdeficient pigs suggests that iron flowed into plasma more rapidly than it flowed out. Since a hematopoietic response ensues in such animals (1), it seems improbable that the change which occurred on copper administration was a decrease in plasma clearance. Instead, an increase in flow of iron to plasma appears likely. The most reasonable interpretation of the phenomenon is that it reflects the correction of the defect in R-E iron release. The iron could not have come from the intestine, since the animals studied had not received oral iron supplements; however, the hepatic perenchymal cell is a possible alternative source.
The expected end result of defective iron release would be accumulation of iron by R-E tissues.
Indeed, R-E iron storage was increased in copperdeficient (oral iron) pigs by comparison with irondeficient pigs with similar amounts of total body iron.
It appears, therefore, that the R-E cells in cop- A deficiency of ceruloplasmin is one of the earliest manifestations of copper deficiency (1).
If duodenal mucosal cells, reticuloendothelial cells, and hepatic parenchymal cells transfer iron to their surfaces in the form of ferrous iron, this iron would not be oxidized to the ferric state, in the absence of ceruloplasmin, at a sufficiently rapid rate to allow for the normal movement of iron from these cells to the plasma. Such a hypothesis is quite compatible with the observation reported herein that the release of iron from these cells to plasma is impaired. A possible objection to this hypothesis is that patients with Wilson's disease and a deficiency of ceruloplasmin are not known to have abnormalities in iron metabolism.
Pathogenesis of the anemia. It is tempting to postulate that the anemia of copper deficiency is the consequence of an inadequate supply of iron to marrow, brought about by impaired release of iron from mucosal cells, reticuloendothelial cells, and hepatic parenchymal cells. However, this explanation seems unlikely since the hypoferremia observed in copper-deficient (i.m. iron) pigs was of brief duration and bore no clear temporal relation to the development of anemia (Fig. 5) . Furthermore, late in the course of the deficiency, when the reticulocyte count and the volume of packed red cells continued to decline, the plasma iron level was frequently normal or increased. Finally, in conditions in which erythropoiesis is limited by the supply of iron available to the bone marrow, stainable normoblast iron is markedly reduced (17) . By contrast, some normoblast iron was seen in copper deficient pigs, even in the group that received oral iron supplements. Moreover, normoblast iron was not only present, but markedly increased in the group that received intramuscular iron supplements. These observations would appear to exclude the possibility that iron-limited erythropoiesis is an adequate explanation for the anemia.
We propose, therefore, that an additional defect plays a role in the pathogenesis of the anemia of copper deficiency, and that this defect lies within the normoblast itself. Both the terminal rise in the plasma iron values and the increase in stainable normoblast iron could be explained by such a defect. Previous investigations failed to find evidence that the defect affected porphyrin or heme biosynthesis (3). In view of the defective metabolism of iron found in other tissues, it is possible that the defect in the normoblast also affects a biochemical reaction involving iron. If this is the case, it would be necessary to implicate a step involving intracellular iron metabolism rather than one connected with the transportation of iron across a cell wall. Such a defect might result in the accumulation of iron in a form that could not be incorporated into hemoglobin.
